pressure gradient leading to syringomyelia. 6 The combination of brainstem and tonsillar compression, as well as syringomyelia, precipitates corresponding motor or sensory dysfunction. The prevalence of scoliosis among patients with CM-I approximates 13%-36%. [2] [3] [4] 25, 27, 29 When a syrinx is present, the prevalence rises to 53%-85%. 6, 11, 13, 26 It has been postulated that scoliosis arises due to posterior tonsillar compression at the cervicomedullary junction, with the effect compounded by asymmetrical anterior horn compression in cases of syringomyelia.
5
Symptomatic CM-I is typically an indication for posterior fossa decompression. 2, 20, 22, 29 Posterior fossa decompression or syrinx shunting has had mixed efficacy in stabilizing the scoliotic curve; success ranges from 32% to 100%, [2] [3] [4] 11, 14, 15, [18] [19] [20] [21] 23, 30 and subsequent spinal fusion may be required. 7, 15, 21, 24 In one study, syrinx improvement preceded curve reduction by 7 months, while failure to resolve the syrinx predicted aggravation of the curve. 2 In contrast, other reports have noted that syrinx improvement does not halt curve progression. 3, 4, 15, 23, 30 Age, curve magnitude, trunk tilt, vertebral rotation, curve pattern, and syrinx size at presentation have been inconsistently reported as associated with curve progression. [2] [3] [4] 6, 8, 9, 15, 16, 20, 23, 30 Interpretation of outcomes is confounded by the wide range of reported results and sizes of individual series.
We attempted to better evaluate the surgical outcomes of patients with CM-I-related scoliosis by compiling data from multiple centers and analyzing outcomes and prognostic indicators from a larger series. We aimed to define characteristics at clinical presentation that can help predict whether posterior fossa decompression alone will be sufficient in managing the scoliotic curve in patients with CM-I and whether spinal fusion can be avoided after decompression.
Methods
Five separate sites participated in collecting and contributing data, and local institutional review board approval was obtained at each site. Each site retrospectively reviewed radiographic and clinical parameters from 2000 to 2010. Inclusion criteria were as follows: diagnosis of CM-I with tonsillar herniation > 5 mm, age less than 18 years at time of diagnosis, history of neurosurgical posterior fossa decompression, and the presence of scoliosis (coronal angle of primary curve > 10°). Exclusion criteria were as follows: any other type of CM (e.g., CM-1.5 or II), implantation of a "growing" spinal system, history of multiple decompressions, and history of syrinx shunting or draining. We recorded Cobb magnitudes available at presentation and last follow-up. Surgical interventions included posterior fossa decompression and definitive spinal deformity correction. All patients underwent bony decompression with duraplasty. The type of surgery was at the discretion of each individual surgeon. However, spinal fusion was generally recommended when curve magnitude exceeded 50° or demonstrated rapid progression despite brace therapy and when significant growth potential remained in the absence of any untreated apparent other causes. As this was a retrospective series spanning several institutions and decades, additional surgical techniques, indications, and spinal instrumentation were left to the discretion of the surgeons.
Clinical parameters recorded included the follow: sex, age at interventions and diagnosis, presenting symptoms, abnormal signs on examination, presence of a syrinx, skeletal maturity (menarche, triradiate cartilage status, Risser sign), curve presentation, and treatment undergone (suboccipital decompression, deformity correction). Radiographic parameters included primary and secondary curve Cobb angles and sagittal kyphosis from T-2 to T-12.
Statistical analysis was performed using SPSS Statistics software (v 21.0). The Student t-test, Mann-Whitney U-test, or Fisher exact probability test were used to compare variables between cohorts as applicable. A p value was considered significant if it was < 0.05. Mean results are presented ± standard deviation.
results
Forty-four patients had undergone a CM-I decompression without prior neurosurgical intervention. The average age at presentation was 10.4 ± 3.9 years; the average age at decompression was 12.1 ± 4.1 years. Twenty-six patients (59%) were female. A syrinx was present in 37 (84%) of 44 patients, extending a mean of 12.0 ± 5.7 levels; its mean width was 9.04 ± 4.3 mm. Thirty-seven (84%) of 44 patients presented with symptoms in addition to scoliosis, which included abnormal abdominal reflexes noted in 18 patients (41%), back pain in 7 (16%), headache in 4 (9%), sensory deficits in 3 (7%), and bladder/bowel dysfunction in 3 (7%).
The mean primary curve at presentation was 43.3° ± 23.9° (range 13°-105°). There were 37 thoracic curves, 4 thoracolumbar curves, and 1 lumbar curve. Nine (24%) of 37 thoracic curves were leftward. Secondary curves exceeding 10° were measured in 29 (66%) of 44 patients. Follow-up continued for an average of 6.0 ± 4.7 years. At final follow-up, the mean primary curve was 29.2° ± 11.8°.
Eighteen patients (40%) underwent CM-I decompression alone; 26 patients (60%) required subsequent spinal fusion. The presence of a syrinx, the levels involved, the maximum width, and reduction in syrinx levels had no relationship to ultimate progression to fusion (p > 0.05). Sex, presence of kyphosis, curve location, closure of the triradiate cartilage, Risser sign, and the presence of a double curve were similar between the cohorts (p > 0.05). Left apical thoracic curves constituted a higher proportion of curves in the decompression-only group (8 of 16 vs 1 of 21, p = 0.002, Fisher's exact test). Presenting symptoms were broadly similar between cohorts ( Table 1) .
The mean Cobb angle at presentation (30.7° ± 11.8° vs 52.1° ± 26.3°, respectively; p = 0.002) and the proportion of patients with angles > 35° (5 of 18 vs 17 of 26, respectively; p = 0.031) differed between the decompressiononly and fusion cohorts ( Table 2) . Patients who presented with Cobb angles > 35° had an odds ratio of 4.9 (95% CI 1.33-18.21, p = 0.031) for needing future fusion (Table 3) . Both the mean age and proportion of patients > 10 years of age were similar in both the decompression-only and fusion groups at presentation (9.8 ± 3. Age at decompression did not differ between the decompression-only and fusion cohorts (11.7 ± 4.3 years vs 12.1 ± 4.1 years, respectively; p = 0.71), but the primary curve at decompression was smaller in the cohort not requiring fusion than in the cohort requiring fusion (34.1° ± 12.5° vs 54.9° ± 22.3°, respectively; p = 0.005). The fusion cohort was older at final follow-up (18.2 ± 4.7 years vs 13.8 ± 4.8 years, p = 0.004). Additionally, the primary Cobb angle at final follow-up was significantly less in the fusion group than the decompression-only group (25.8° ± 9.2° vs 34.2° ± 13.5°, p = 0.019). Subgroup analysis revealed that a difference in final Cobb angle was only significant for patients who presented when younger than 10 years of age (25.6° ± 7.2° vs 36.0° ± 9.7°, p = 0.005) ( Table 2 ).
Fifteen patients were followed for a minimum of 1 year (range 1.3-16.9 years) after decompression with an end point of either final follow-up or final neurosurgical visit prior to spinal fusion. Eight of the 15 patients demonstrated > 10° of loss of correction, and patients with > 10° of progression were more likely to undergo spinal fusion than nonprogressors (6 of 8 vs 1 of 7, p = 0.041). Although the difference was not statistically significant (p = 0.31, Fisher's exact test), 2 of 6 patients followed < 5 years after decompression progressed > 10°, whereas 6 of 9 patients followed for > 5 years decompensated > 10°, all of whom were < 10 years of age at decompression. Between progressors and nonprogressors, curve magnitude at decompression did not differ (35.6° ± 11.6° vs 39.6° ± 10.9°, p = 0.69, Mann-Whitney U-test), but progressors tended to be younger at decompression (6.1 ± 3.0 years vs 13.7 ± 3.2 years, p = 0.001, Mann-Whitney U-test) ( Table 4) .
The mean time from decompression to fusion was 2.4 ± 3.1 years (range 2 months to 10.4 years). In 13 patients fusion was performed within 1 year of decompression (5.8 ± 2.9 months); 7 patients without progression underwent fusion > 1 year after decompression (6.0 ± 2.8 years). Patients who underwent fusion within 1 year of decompression were significantly older (14.3 ± 2.0 years vs 7.3 ± 3.5 years, p < 0.001, Mann-Whitney U-test) and possessed larger Cobb angles (70.1° ± 16.9° vs 32.2° ± 8.3°, p < 0.001, Mann-Whitney U-test) than patients who underwent fusion > 1 year after decompression (Table 5) .
Binary multivariate logistic regression controlling for age in years at presentation and syrinx presence revealed that the severity of Cobb angle at presentation was related to postdecompression fusion. An odds ratio of 1.0625 was established for each 1° increase in presenting Cobb angle (p = 0.012, OR 1.0625, 95% CI 1.0135-1.1138). Subgroup (Table 6 ).
Discussion
For patients with CM-I, the majority of authors suggest that curves in excess of 30°-40° are likely to require spinal fusion after posterior fossa decompression.
3,6-9,16,29,30
In a review of 16 patients with CM-I, Tubbs et al. 29 found that decompression alone did not resolve curves that were > 40°. Similarly, Ghanem et al. 9 noted that 5 of 5 patients who presented with curves ≥ 40° required fusion. In treating 54 patients, Zhu et al. 30 established 44.5° as a threshold angle highly specific for curve progression. In determining which among 79 patients would not require fusion, Krieger et al. 15 observed that no patients who presented with curves < 20° required postdecompression fusion. Nagib 19 noted that decompression improved scoliosis in 6 of 6 patients with curves < 30° and only stabilized scoliosis in 4 of 4 patients with curves ≥ 30°. Sengupta et al. 23 found, at the time of decompression, no impact of the scoliotic curve on subsequent fusion; however, the sample size was only 16 patients in whom the mean difference in curvature was 9° (nonfusion group 37°; fusion group 46°), a mean difference that Lee et al. 16 found to be significant in a slightly larger sample of 26 
patients (38° [fusion group] vs 30.0° [nonfusion group]).
Presentation before 10 years of age may mean that patients with CM-I and scoliosis can avoid fusion.
4,6,8,23,30
Sengupta et al., 22, 23 Brockmeyer et al., 4 and Flynn et al. reported that early presentation (< 10 years) avoided fusion in 71% (5 of 7 cases), 91% (10 of 11 cases), and 70% (7 of 10 cases) of patients, respectively. Zhu et al. 30 calculated that presentation before 10.5 years was protective in 54 patients. However, Navarro et al. 20 observed no association of age with avoidance of fusion in 14 patients undergoing decompression. Lee et al. 16 noted that 5 of 11 patients under 8 years had curve progression after decompression, and 4 of 5 patients who needed fusion in a report by Ghanem et al. 9 were under 10 years of age. The impact of age at presentation and curve severity on the need for postdecompression fusion are further compounded by not only the small sample sizes of the cohorts but also by the interaction of age and curve progression. In a series in which only 1 of 11 patients had curves that progressed to required fusion, Muhonen et al. 18 reported that scoliosis after decompression resolved in all children under age 10 years despite some preoperative curves exceeding 40°. As further evidence that youth and smaller curves may be protective against fusion, Albert et al. 1 showed that in children under 6 years of age fusion was avoided in all patients with curves ≤ 35°. Eule et al. 6 observed in 19 children that presentation < 8 years of age with an initial curve < 40° may avoid postdecompression fusion. In the present series, the need for fusion after decompression reflected the degree of curve severity at presentation. Each additional degree of coronal curvature at presentation was associated with 6.3% increase in the odds of future fusion when controlling for presenting age and syrinx presence (p = 0.012, OR 1.0625, 95% CI 1.0135-1.1138). Presenting with a curve in excess of 35° increased the odds of fusion by 4.9 (p = 0.031). We did not record a difference in the overall mean age of presentation between the cohorts. However, we observed that the difference in curve severity between patients with fusion or decompression only was pronounced among those > 10 years (61.0° ± 26.6° vs 27.3° ± 8.4°, respectively; p = 0.002). Furthermore, 13 of 14 patients presenting with curves > 35° and age > 10 years received postdecompression fusion, which constituted half of all patients who underwent fusion, and they were 17 times as likely to require fusion as patients < 10 years or with curves ≤ 35°. In contrast, 17 of 18 patients who avoided fusion presented either with curves ≤ 35° or age ≤ 10 years.
We observed that continued monitoring of young patients who undergo posterior fossa decompression may be warranted if the patient has not yet reached skeletal maturity. Among 15 patients followed for at least 1 year after decompression, 6 of 8 progressed more than 10° and required fusion. These progressors were younger at decompression than nonprogressors (6.1 ± 3.0 years vs 13.7 ± 3.2, respectively; p = 0.001). Although not statistically significant, 6 of 9 patients followed for more than 5 years decompensated > 10°, all of whom were younger than 10 years of age at decompression. These findings suggest that after hindbrain decompression some curves may decompensate in skeletally immature children with sufficient follow-up. Moreover, these findings are consistent with our observation that prompt fusion within 1 year of decompression is primarily associated with older children (14.3 ± 2.0 years vs 7.3 ± 3.5 years, p < 0.001) with more advanced curves (70.1° ± 16.9° vs 32.2° ± 8.3°, respectively; p < 0.001) for whom little skeletal growth remains. Consequently, while we believe that patients who present at age > 10 years with > 35° of curvature should be counseled that spinal fusion is likely required after posterior fossa decompression to appropriately control the scoliotic curve, we believe that continued monitoring by a scoliosis practitioner may be warranted in skeletally immature patients as well.
We also observed that postdecompression fusion could offer improved long-term curve management. While the need for fusion following posterior fossa decompression is often documented, the curve magnitude after fusion is rarely compared with that in patients who avoided fusion. [2] [3] [4] [6] [7] [8] 23 Patients who underwent postdecompression fusion had 8° less curvature than those who received decompression alone (25.8° vs 34.2°, respectively; p = 0.004). Among those > 10 years of age at presentation, the final difference was 10.5° (36° vs 25.6°, respectively; p = 0.005). The benefit of spinal fusion in children > 10 years of age may be a result of greater skeletal maturity as the spine has less future growth remaining to compensate for preexisting curvature. In a comparison of scoliosis surgery between patients with CM-I and syringomyelia and those with adolescent idiopathic scoliosis, Godzik et al. 10 found similar improvements in curve reduction of 58% vs 64% and similar postoperative curve magnitudes of 24° vs 22°, respectively.
Additionally, 7 patients with CM-I and scoliosis presented without a syrinx, 6 of whom required spinal fusion after posterior fossa decompression. Reviewing the literature, Tubbs et al. 28 observed that the rate of tonsillar ectopia without syringomyelia in presumed idiopathic scoliosis cases can approach 10%. Milhorat et al. 17 noted that in 152 symptomatic patients with CM-I and scoliosis, 35 patients (23%) with scoliosis or kyphosis lacked an underlying syrinx. Strahle et al. 25 observed that 41 (36%) of 114 patients with CM-I and scoliosis lacked a syrinx. Although our findings did not achieve statistical significance, they further support the possibility that the presence of a syrinx in CM-I is not critical to drive curve progression, and, as a result, other variables may also significantly contribute to curve progression. Posterior fossa decompression alone may be inadequate for curve control.
Finally, we report that 8 (89%) of 9 left thoracic curves avoided postdecompression fusion, which represented half of the thoracic curves in patients who avoided fusion, whereas patients requiring fusion had a single left thoracic curve among 21 thoracic curves (p = 0.002). Among prior reports, the impact of curve patterns on postdecompression fusion is highly inconsistent. Sengupta et al. 23 also documented that curve improvement appeared more probable in patients with left thoracic curves, with 75% (6 of 8) avoiding scoliosis surgery after posterior fossa decompression. Attenello et al. 2 reported that a curve's crossing the thoracolumbar junction, not its apical direction, increased susceptibility to postdecompression progression. Flynn et al. 8 noted that among 15 patients, 8 of 9 double curves belonged to "progressors," while Zhu et al. 30 noted that double curves were present in 47% of progressors in contrast to 11% of nonprogressors. We observed a greater proportion of double curves among the fusion group (20 [77%] of 26) in comparison with the decompression-only group (9 [50%] of 18); however, this difference did not reach significance (p = 0.11). Most studies do not detail an impact of curve pattern on curve progression or on the need for postdecompression spinal fusion. 4, 7, 15, 18 This study was subject to several limitations. First, this study was strictly retrospective. Second, as a multicenter series, variability existed among the surgical techniques, which could have affected the outcomes of decompression or fusion. However, this variability may better reflect the variability encountered in actual clinical practice. Finally, since the study sites provided specialty care, selection and referral biases may have led the patient sample to possess more advanced clinical symptoms.
Conclusions
In this series of 44 patients who presented with CM-I and scoliosis, the need for spinal fusion after posterior fossa decompression reflected curve severity at clinical presentation. Each additional degree of coronal curvature at presentation was associated with a 6.3% increase in the odds of requiring future fusion when controlling for age and syrinx status. A combination of a curve > 35° in a patient > 10 years of age should particularly lead the physician to continue observation of the spinal deformity and counsel the patient and family that fusion will likely be required. Patients < 10 years of age at decompression may avoid fusion but require monitoring because of the possibility of future decompensation. In contrast, a left apical thoracic curve has a favorable prognosis after Chiari decompression.
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